I
odine is an important trace element in human nutrition and is essential for thyroid hormone synthesis. Thyroid hormones are involved in many cellular activities essential for normal body function. The importance of assessing iodine intake of pregnant and lactating women has become increasingly clear because of emerging evidence from cohort studies showing that even mild to moderate iodine deficiency during pregnancy is associated with poorer cognitive function and school performance in children (1) (2) (3) (4) .
Iodine in sufficient concentrations occurs naturally in only a limited variety of foods, marine fish having the highest iodine concentrations in general (5, 6) . Iodine concentrations vary between and within fish species, and also seasonally and geographically location, as fish absorb iodine both from the seawater and from their food (7) . Even though their iodine content is considerably lower than that of fish, milk and dairy products are the iodine sources of greatest importance due to their common consumation in larger quantities in the Norwegian culture. The iodine concentration of milk depends on the supplementation concentratrion of iodine of cow feed, the amount of goitrogens in the rations, application of teat dipping containing iodine, iodine source, lactation stage, milk yield and milk processing (8) . In addition, egg is a good dietary source of iodine (5, 9) . To determine the iodine content of biological samples, inductively coupled plasma-mass spectrometry (ICP-MS) is the preferred method due to its precision.
Iodised salt programmes are the recommended method for providing sufficient iodine intake in a population (10) . However, in countries with low availability of iodised salt, the intake of dietary iodine intake is of outmost importance. Neither household nor industrial iodisation of salt is mandatory in Norway. However, some brands have added iodine (5 mg/kg) in salt (6) . Sufficient iodine intake is still challenging in population groups across the world, including countries in Europe (11, 12) . In the Norwegian diet, milk and dairy products contribute with 55% and fish contributes with 20% of the dietary iodine intake (6) . Iodine was included in the Norwegian Food Composition Table in 2014. Dietary iodine sources in the Nordic countries have several similarities; in Denmark, milk and mandatory fortification of salt used in the bakery industry and household salt are the main dietary iodine sources (11, 13) . In Iceland, it is fish; in Sweden, iodised salt; and in Finland, milk (11) . In the United Kingdom, which is also lacking an iodised salt programme, milk and dairy products contribute most to the dietary iodine intake (4) . Knowledge about current iodine content in foods is expedient for several reasons. Since there are few dietary sources of iodine, it is important and feasible to map to what extent these food groups contribute. In addition, it is important to estimate iodine intake of population groups, which will provide indications on whether additional monitoring programmes or health care information for vulnerable groups are necessary. Thus, the main aim of the present study was to provide updated data on the iodine content of the most important iodine-rich food groups in the Norwegian diet, dairy products and lean fish. In addition, updated data on egg was provided. Since Norway is a major provider of fish to Europe, the data also have high relevance for calculations of European dietary iodine intake.
Materials and methods

Sampling of fish species
Five different species of wild fish were included in this study -Atlantic cod (Gadus morhua), saithe (Pollachius virens), haddock (Melanogrammus aeglefinus), pollack (Pollachius pollachius) and Atlantic halibut (Hippoglossus hippoglossus). Figure 1 illustrates sampling positions. Table 1 lists information regarding sampling period, number of positions and number of fish collected within the three major different sea areas -the Barents Sea, the Norwegian Sea and the North Sea.
The samples of wild fish analysed in this study were collected during several monitoring programmes for contaminants in wild fish in Norwegian sea areas (14-19) (Kögel, T. personal communication). The most recent samples collected for each species and area were selected, and most samples included were collected in 2014 and 2015. The sampling positions for each species were selected to obtain samples from a wide geographical area aiming to represent the normal commercial fishery catch areas. From each position, 10-11 individual fish of intermediate size were included in the study, excluding the smallest and largest fish in order to reduce the possible biological variation of the iodine concentration due to the fish size. However, if less than 10 fish were collected at a particular position, all fish were included into the study regardless of size. For Atlantic halibut, only one (or in one case two) fish were collected at each position. To obtain representative results for this species, 10 fish from the Barents Sea and 10 fish from the Norwegian Sea were included, selecting fish with weights between 11 and 40 kg, which is the most common commercial weight class for this species.
Furthermore, samples of 40 farmed Atlantic halibut were collected at three different fish farms in the western part of Norway in March, June and July 2014 and in April, August and September 2015. In addition to the fish samples taken in the field, 10 different products of canned tuna, from seven different brands, were purchased in various supermarkets in Bergen in November 2015.
Preparation of fish
Samples of Atlantic cod, saithe, pollack and haddock were frozen as whole fish at −20°C before being shipped to the Institute of Marine Research, Bergen, Norway. For Atlantic halibut, length, weight and sex of each fish were recorded immediately after capture, and from each fish, a sample including the head and a 20-30 cm section anterior of the head was frozen and shipped to the laboratory. The samples of wild Atlantic halibut were thawed and a sample of about 200 g muscle tissue from the lean part of the fillet (B-cut) on the upper, ventral side of the fish anterior of the pectoral fin of each fish (20) was homogenised. The samples of cod, saithe, haddock and pollack were thawed, and the length, weight and sex of each fish was determined. The fish were filleted, skinned and about 200 g of muscle tissue from each individual fish was homogenised. The wet homogenised fish samples were freeze-dried, ground to a fine powder, homogenised again and kept dry pending analysis. Analyses of wild fish were performed on individual fish samples. The samples of farmed Atlantic halibut were thawed, filleted and skinned. Muscle samples from five fish collected at the same fish farm at the same time were pooled and homogenised. The pooled samples were freeze-dried, ground to a fine powder, homogenised again and kept dry pending analysis. For the canned tuna, any oil or water in the respective products was removed before the samples were homogenised and freeze-dried.
Sampling of dairy products
Seven different types of cow milk, one type of soy milk, two different types of cream milk and 17 other dairy products were included ( Table 2 ). All products were produced in Norway with the exception of soy milk and two types of cream cheese. During the last years, alternative 'dairy' products, such as soy and oat milk, have become popular. Therefore, soymilk with natural flavour was selected for analysis based on supermarket volume. Information regarding producer, country of production, batch number, best before date and place of sampling were registered. All products were purchased with three different batch numbers at supermarkets in Bergen, Norway and stored in a refrigerator (4°C) prior to homogenisation.
Preparation of dairy products
The homogenisation procedure of cow milk, chocolate-flavoured milk, cream milk, soy milk and probiotic milk (liquids) consisted of the following steps: a subsample of 200 mL from each of three different batch numbers were mixed in a glass bottle, resulting in one pooled sample of 600 mL. From this, two subsamples were frozen pending analysis (12.5 mL) and one for back up (50 mL). Three pooled samples were analysed at each sampling occasion. Furthermore, cow milk and cream milks were sampled at three different occasions of the year (Table 6 ). The homogenisation procedure of yoghurts, sour cream, crème fraiche, cottage cheese, brie, camembert and solid cheeses consisted of the following steps: three items of each product were mixed and homogenised in a kitchen machine (Braun, lab.nr 1598), resulting in one pooled sample. Two sub-samples of 12.5 mL and 50 mL were collected, one for freeze-drying, pending analysis, and one for backup, respectively. All backups were stored in −80°C freezer. Iodine in fish, milk and egg A subsample of the dairy products (except probiotic milk, cow milk, chocolate-flavoured cow milk, soymilk and cream milks) was freeze-dried for minimum 24 h at −20°C or −80°C, (Labconco Freezone, 18 liter, model 775030).
Sampling of hen's egg
Eggs from three different Norwegian producers were purchased in shops in Bergen in April 2016 and in Bergen and Oslo April 2017. Based on information on their market share, the brand with the highest market share was selected. Each box of egg consisted of 6 or 12 eggs and in total 33 boxes were purchased (Table 8 ). Eggs purchased in 2016 were stored at −80°C until analysis and the sample from 2017 was stored fresh at 4°C until analysis.
Preparation of hen's eggs
Each pooled hen's egg sample from 2016 consisted of 36 eggs from three different boxes (same brand), while each pooled hen's egg sample from 2017 consisted of 18 eggs from three different boxes (same brand). The pooled egg samples were homogenised using a kitchen whisk.
Iodine analysis and accuracy of the measurements
The iodine content was determined using inductive coupled plasma-mass spectrophotometry (ICP-MS). Tetra methyl ammonium hydroxide (TMAH) and water were added to the samples before extraction at 90°C ± 3°C for 3 h. Dried samples from individual fish were analysed with one analytical replicate per fish. Pooled samples from milk and dairy products and eggs were analysed with two analytical replicates per sample. Limit of quantification (LOQ) is 0.32 µg/L, or 0.04 mg/kg dry weight. Limit of detection (LOD) is 0.01 µg/L. The measurement uncertainty differs depending on the concentration range and is set to 40% for concentrations between LOQ and 10 × LOQ, and 15% for concentrations >10 × LOQ. The measurement range lies between 0.04 and 90 mg/kg dry weight. The measurement uncertainty is based on the control card of the method along with participation in proficiency tests. ICP-MS is commonly used for the quantitative determination of iodine in biological samples due to its high sensitivity and selectivity (7) . Although there are several methods to determine iodine, the sensitivity for iodine in ICP-MS is superior compared to other techniques (21) . The freeze-drying method and the IC-P-MS method used in this study are accredited according to ISO 17025. Measurement uncertainty is based on internal reproducibility, taken from the control chart of the method along with results from participation in proficiency testing. The method is robust when performed according to the method description. The results obtained from determining iodine content in standard reference materials are listed in Table 3 .
Statistical analyses
Iodine concentrations in fish of each species sampled in different areas and during different months of the year were compared using one-way ANOVA followed by Tukey's HSD multiple comparison test. Because of heteroscedasticity, iodine concentrations were log transformed prior to analysis. The relationships between iodine concentration and fish length and condition (K-factor = 100 × weight/length 3 ), respectively, were examined for each species using Pearson's linear correlation analysis. Statistical analyses were performed using Statistica 64, version 13.
Results and discussion
Iodine content of fish
The average iodine content in fish fillet varied from 21 µg/100 g wet weight (ww) in Atlantic halibut to 790 µg/100 g ww in pollack (Table 4 ). There was a large variation between individuals within the same species, and between fish of the same species from different geographical areas and/or sampling months (Figure 2) . From this dataset, we could not detect any consistency between fish species with regard to which areas or months showed the highest iodine contents. Because this research question was not taken into account during the planning of the sampling and because the main fishery in different areas take place during different times of the year, many of the samples were taken during different months of the year in the different areas. In several cases this precluded the analysis of whether observed differences were geographical or seasonal. For example, Atlantic cod from the North Sea appeared to have lower iodine concentrations than cod from the Barents Sea or the Norwegian Sea. However, Table 3 . Iodine content in standard reference materials compared with the analysed value and the measured value over time 
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Ive Nerhus et al. Mean ± SD and range (minimum-maximum) are given. Catch area, number of fish (n), mean weight and length of the fish within each area and Food Composition Iodine in fish, milk and egg most of the samples from the North Sea were taken in September, when no cod were caught in the other two areas (Figure 2A ). These cod, caught in September, were relatively large and in good condition (Supplementary  Table 1 ), and since both length and K-factor were negatively correlated with iodine content of cod (r = −0.38 and −0.35, p < 0.001; Supplementary Figures 1 and 2 ), this may be a possible explanation for the low levels of iodine in cod from the North Sea, particularly in September. In saithe and haddock, iodine concentrations appeared to be higher later in the year, from May on, compared to earlier in the year ( Figure 2B ,C). For haddock, this could be an effect of spawning, as haddock spawn during AprilMay (22) . If reserves are depleted during spawning to the extent that the total muscle mass is reduced, this could lead to a relative up-concentration of elements such as iodine. The condition (K-factor) of the haddock with the highest iodine concentrations, sampled in the Norwegian Sea in May, was indeed reduced (0.96) relative to the haddock sampled in Feburary (1.37; Supplementary Table 1) . Saithe spawn earlier in the year, during FebruaryMarch (22) , and the relatively lower concentrations in April compared to later in the year are thus probably not due to spawning. However, iodine is at least partly accumulated from the diet (7), and perhaps increasing iodine content through spring and summer may be caused by enhanced uptake through the feeding season. The condition of the saithe increased slightly as the iodine concentrations increased from March through to July, and in saithe there was a positive correlation between iodine content and K-factor (r = 0.53, p < 0.001; Supplementary  Figure 2 ). In pollack, iodine concentrations were significantly higher in a fjord in southwest Norway both in April and October as compared to all other months in all other areas ( Figure 2 ). These were by far the highest iodine concentrations overall in the study, with mean concentrations of 2,350 and 1,800 µg/100 g in April and October, respectively. Both pollack sampled in April and October were from the same fjord, but the number of fish were low, only seven fish. Pollack from the Norwegian Sea had significantly lower iodine concentrations in April than in August. Condition (K-factor) for the pollack from April was, however, high (Supplementary Table 1 for nutritional calculations, as the catch volume of fish from the open sea is much higher than that from the fjords. Fish absorb iodine both from the seawater and from their diet (7). Differences in preferred or available prey for different species and for fish of the same species from different areas may contribute to the large variation in iodine content. The iodine content in Atlantic halibut was low both in the Barents Sea and in the Norwegian Sea, and in both areas the iodine content was much lower than in the four lean codfish investigated. This may be due to a higher fat content in Atlantic halibut than in the four other fish species, since earlier reports have shown that fatty fish generally contain less iodine than lean fish (6) . Even though it was the leaner part of the Atlantic halibut muscle (B-cut) (20) that was analysed in this study, the fat content in this part of halibut muscle typically lies between 3 and 5 g per 100 g muscle tissue (23) . This is considerably higher than the fat content of the four other species, which typically contain about 0.8-1.5 g fat per 100 g muscle tissue (23) .
The reason why fatty fish contain lower concentrations of iodine is unknown. The iodine content in muscle of farmed Atlantic halibut was even lower than in wild Atlantic halibut, with an average of 7.8 µg/100 g and a range between 4.4 and 11 µg/100 g for the eight pooled samples ( Figure  2) . The difference may be due to a higher fat content in muscle of farmed halibut compared to wild halibut, but may also be caused by a low iodine content or bioavailability in the fish feed used for Atlantic halibut in fish farms. For salmon, it has been shown that fish muscle is responsive to iodine supplementations in feed to a certain degree (24) . Furthermore, there was a general trend of declining concentrations of iodine in fish feed in Norway during 2000-2006, probably due to reduced use of fish meal in feed production (25) . However, there must be other biochemical mechanisms explaining the rather large differences in iodine content between codfish and halibut. Table 5 lists iodine contents of 10 canned tuna products from seven different producers, and mean concentrations of the different products varied from 2 to 10 µg/100 g. The concentrations we measured in this study are lower than those of similar products listed with the following concentrations in the Norwegian Food Composition Table: 26 µg/100 g (in water, drained), 10 µg/100 g (in jelly), 26 µg/100 g (in oil, drained) and 10 µg/100 g (in oil, not drained) (26) . In addition, the iodine content in tuna was generally lower than in the other fish species in this study (Table 4 ). Canned tuna may contain different species of tuna, which is one possible explanation for the variation. Unfortunately, the products analysed in this study were not declared with species, catch area or fish size, factors that may affect iodine content. Table 6 summarises the results for cow milk and cream milk from the present study, showing the seasonal variation of iodine content in the different products. The table also lists iodine concentrations from the Norwegian Food Composition Table. In this study, mean iodine concentrations of summer milk and fall milk were lower than in winter milk, with values between 12 and 17 µg/100 g in summer and fall milk and between 16 and 20 µg/100 g in winter milk, respectively (Table 6 ). This difference may be explained by a longer period of outdoor pasture feeding and/or differences in the access to iodine fortified cow feed (27) . Previous studies have shown seasonal variation of the iodine content in milk with significantly higher iodine concentration in winter milk compared to spring milk or summer milk (27, Table 5 . Iodine content (mean ± SD) of different types of canned tuna (n = 3) purchased in food shops in Bergen, Norway Type of tuna product (product brand) Mean ± SD µg/100 g wet weight Food Composition Table  a 
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Iodine in fish, milk and egg Table 6 . Comparison of iodine content (µg/100 g wet weight) of cow milk and cream milk including seasonal variation and producer, compared with declared values and values listed in the Norwegian Food Composition Table  Dairy Mean from one pooled sample, hence no SD.
f Due to long durability in food cream milk, the months illustrated are based on the production month.
b/f
Due to smaller production lines of both types of cream milks, the months of sampling and analysis (Table 6) were not always the same as for cow milk.
28). Due to short durability, the months in each column illustrates both the production, 'best before' and shopping month for all milks and the cream milk. Due to long durability in food cream milk, the months illustrated are based on the production month. Due to smaller production lines of both types of cream milks, the months of sampling and analysis (Table 6) were not always the same as for cow milk.
Iodine content of organic milk
In this study, the iodine concentration of the organic milk was equal to or somewhat higher than the conventional milks within the same seasons (Table 6 ). This result is in contrast to earlier studies from the United Kingdom (29) . However, since we have analysed pooled samples, the number of items are too low and statistical analysis is not applicable. Different practices in organic and conventional farms include routine use, or no use, of vitamins and minerals and the use of fresh foods, among other things, which may be restricted in organic farms. Hence, deficiencies in some minerals can occur in organic farms (29) . Rasmussen et al. (30) suggest several explanations for the lower iodine content of their organic milk, less use of iodine-containing mineral mixtures being one of them. In the present study, higher use of such mixtures might be a reason for higher concentrations of iodine in organic milk.
Iodine content of other dairy products
The concentration of iodine in Norwegian dairy products are summarised in Table 7 . The iodine content were compared to the declaration and to the concentratrion listed in the Norwegian Food Composition Table (26) . The highest iodine concentrations in the dairy products were found in whey cheese, with concentrations from 100 to 450 µg/100 g ( Table 7 ). In cheese manufacturing, the iodine from milk follows into the whey and not into the curd (9) which is an explaining factor as to why the brown-coloured whey cheese is a rich source of iodine. This type of brown whey cheese is typical in the Norwegian diet. The results from this study show that brown coloured whey cheese is a good source of iodine, which is in accordance with the Norwegian Food Composition Table (26) and a similar study from Norway (27) . The presence of goat milk in some of the whey cheeses may also have a positive influence on the concentrations of iodine. This is illustrated by the relatively higher concentrations in both the white-coloured cheese Snøfrisk and the brown-coloured whey cheese Ekte geitost -both made of goat milk. The latter had more than four times higher concentrations of iodine than the brown-coloured cheese Fløtemysost, which is prepared from cow milk. In addition, Gudbrandsdalsost contains some goat milk, which may be the reason why this cheese has a higher concentration of iodine than Fløtemysost. In accordance with previous analysis of cheese (6) , the iodine content did not vary with fat content of the cheese (fat content listed in Table 1 ). Commonly, cow milk and cream milks are used as a base in the production of other dairy products, which is the reason for analysing these products in only one season. Any seasonal differences found in cow milk and cream milk are assumed to be reflected in dairy products. It is important to have updated data on iodine content of these foods because of the great variation between products (31).
Analysed concentrations versus declared concentrations of iodine content
The mandatory nutrition declaration of foods in Norway does not include iodine. A large deviation range is accepted by the food safety authorities regarding declaration of minerals. Thus, we cannot conclude that the new analysis is different from the iodine values declared on the products. To minimise seasonal variations, the iodine intake of cows could be controlled, as discussed by Troan et al. (8) . Regarding the declared concentrations, one of the producers in this study have based their declaration on their latest analysis of milk from summer and winter 2012. Another producer in this study has based their latest declaration on analysis from 2012 to 2013 (8) . Respectively, the first producer has two dairies (one based in south western Norway and one based in eastern Norway), while the latter producer has dairies placed across the country.
Analysed concentrations versus Norwegian Food Composition Table iodine content
In this study, the mean concentrations of iodine in wild fish were higher than those in the Food Composition Table  (Table 4) . Thus, estimated intake of iodine from lean fish may be underestimated in dietary surveys from Norway. The range and standard deviations in this study were quite wide. Since concentrations in the Food Composition Table are mean concentrations, analysis of a representative number of samples is necessary in order to estimate intake with high quality. The results for other dairy products than milk in this study were mostly lower than the Food Composition Table (Table 7) . In this study, dairy products were sampled and analysed only in autumn, which might be one factor explaining the lower values. In accordance with earlier findings, the iodine varies with seasons, however the sessonal differences are less clear in the present study compared with earlier findings. To reflect the true variation, the Food Composition Table information of nutrient concentrations should include range values. Table 8 lists updated concentrations of iodine of different types of egg compared to the Food Composition Table. Concentrations measured in whole eggs in this study varied from 23 to 43 µg/100 g, and the values given in the Food Composition Table were within this range, with 35 and 38.5 µg/100 g. Whole eggs from one of the producers from 2016 had lower iodine concentrations than those from the same producer in 2017. This is interesting and may be due to natural variation or changes in ingredients of the hen's feed. The latter is unfortunately unknown to the authors as this topic is outside the scope of this manuscript. None of the producers have declared iodine contents. Iodine concentrations of eggs in this study were lower as compared to the results from a previous study in Norway where mean concentrations were 45 µg/100 g (range 39-52 µg/100 g, n = 90) (6) . Regarding iodine, a larger portion is contained in yolk (32) . This was also shown in our results, where yolk had iodine concentrations of 57 and 78 µg/100 g and egg white only 2.4 and 3.0 µg/100 g ( Table 8 ). In this study, separate analysis of egg yolk and egg white was only carried out for conventional eggs, while whole egg was analysed for both conventional and organic eggs.
Iodine content of hen's eggs
Conclusion
The fish analysed not only showed a large variation in iodine content between different species but also between individuals within the same species and between locations and/or sampling seasons. Despite these differences, applying our new values would influence intake estimates considerably. Regarding dairy products, the results confirm previous data on seasonal variation of iodine content in milk. This study provideds updated data of the iodine concentration in six fish species, 27 selected Norwegian iodine-rich dairy foods and Norwegian hen's eggs, which will be made available for the public Food Composition Table. 
